We show how time-resolved coherent anti-Stokes Raman scattering can be used to identify interfering pathways in the relaxation dynamics of autoionizing transients in many-electron systems, on femto-and attosecond time scales. For coherent population of many states, autoionizing wave-packet dynamics is resolved. We identify bound-bound, continuum-bound, and bound-continuum-bound contributions and show that they leave distinct features in the total coherent anti-Stokes Raman scattering signal. DOI: 10.1103/PhysRevLett.103.033901 PACS numbers: 42.65.Re Rapidly developing attosecond technologies offer unique tools capable of resolving extremely fast electron dynamic processes [1] . Attosecond metrology strategies typically involve a measurement of the yield of charged particles or molecular fragments. This approach proved to be remarkably efficient for an attosecond spectroscopy of the relaxation dynamics of core-excited atomic systems [2] , electron tunneling visualization [3] , attosecond probing of molecular dynamics [4] , direct measurement of fewcycle optical field waveforms [5] , and time-resolving photoelectron emission from solid surfaces [6] . Analysis of charged-particle or molecular-fragment spectra, however, often faces difficulties related to an overlap of the contributions of multiple initial and/or final states, superimposing many ionization channels.
Rapidly developing attosecond technologies offer unique tools capable of resolving extremely fast electron dynamic processes [1] . Attosecond metrology strategies typically involve a measurement of the yield of charged particles or molecular fragments. This approach proved to be remarkably efficient for an attosecond spectroscopy of the relaxation dynamics of core-excited atomic systems [2] , electron tunneling visualization [3] , attosecond probing of molecular dynamics [4] , direct measurement of fewcycle optical field waveforms [5] , and time-resolving photoelectron emission from solid surfaces [6] . Analysis of charged-particle or molecular-fragment spectra, however, often faces difficulties related to an overlap of the contributions of multiple initial and/or final states, superimposing many ionization channels.
Selectivity of all-optical methods to a specific channel is successfully employed through the use of high-order harmonic generation (HHG) for time-resolved measurements. Recent examples include tracing proton motion in molecules [7] , monitoring attosecond hole dynamics [8] , and quantum-state-resolved measurements using high-order harmonic transient absorption spectroscopy [9] . Mukamel [10] has theoretically demonstrated that x-ray four-wave mixing can be employed to create and probe ultrafast electron dynamics in many-electron systems with attosecond resolution.
Here we show that coherent anti-Stokes Raman scattering (CARS) can provide femto-to attosecond temporal resolution while not only focusing on a specific process but also identifying and isolating, due to the high selectivity inherent in Raman techniques, interfering pathways contributing to this process. In contrast to HHG, CARS does not necessarily involve a strong perturbation of a quantum system by a high-intensity laser field, allowing attosecond time resolution to be achieved without a substantial modification of a system under study. For autoionizing (AI) electronic wave packets, the CARS signal involves both quasibound and continuum components of AI states. The corresponding pathways have well-defined relative phase shifts and/or different temporal dynamics.
We show how these can be used to identify interfering pathways in the total signal and how the phase shift between the interfering transitions involving AI states can be retrieved by using CARS. Because of these interfering pathways, the AI dynamics cannot be characterized by a steady state absorption line but requires time-resolved spectroscopy.
Consider time-resolving autoionization of a multielectron wave packet with CARS. Pertinent work includes experimental [2] and theoretical [11] [12] [13] studies of timeresolving Auger decay and Fano-type autoionization using photoelectron spectroscopy and spectroscopic studies of AI states using CARS [14] . We consider an approach based on combining an attosecond extreme ultraviolet (xuv) pulse with a few-cycle laser pulse. The xuv pulse with carrier frequency ! 1 , field amplitude E 1 , polarization vector e 1 , and envelope f 1 ðtÞ plays the role of the pump. The laser pulse [carrier frequency ! 2 , field amplitude E 2 , polarization e 2 , and envelope f 2 ðtÞ] plays the role of the Stokes. The pair excites coherent superposition of the Fano-type [12, 15] AI resonances (inset 1 in Fig. 1 ). Time-delayed by a uv or xuv pulse [carrier ! 3 , amplitude E 3 , polarization e 3 , and envelope f 3 ðt À Þ] probes Raman-excited transients with detection at the antiStokes frequency
Similar to conventional four-wave-mixing schemes [16] , generation of the anti-Stokes signal in the considered xuv-visible CARS arrangement can be regarded as scattering of the probe field off the grating induced by the xuv pump and laser Stokes fields.
We develop a description directly in the time domain, natural for dealing with time-resolved wave-packet dynamics. The wave function is jÉi ¼ e ÀiE g t ½a 0 ðtÞj0i þ jÁÉi, where E g is the ground state energy and
Here jÉ ð1Þ ðtÞi ¼ P l a l ðtÞjli describes intermediate excitation created by the pump. The Raman pair of pump and Stokes pulses creates an AI wave packet jÉ
where, following the standard approach [15, 17] , we use ''bound'' (jki) and ''continuum'' (ji) components of AI states coupled by the electronelectron correlationŴ; denotes the detuning of the continuum state from the resonance energy
Dynamics is monitored by the delayed probe pulse that creates jÉ ð3Þ ðt; Þi and induces the CARS polarization
The standard procedure of perturbation theory then gives
pr-aSt;c CðtÞ ;
, and c ðtÞ ¼ Ài
Here we use the standard assumption in the Fano-type theory: The ''bare'' continuum ji is assumed flat, with continuum structures appearing from the coupling between jki and ji. Mathematically, this means hjD The first term in square brackets in Eq. (4) describes a transition to the continuum via the quasibound part of the AI states jki. The second term describes direct excitation to the continuum. We assume that (i) there are no intermediate resonances at the probe step and (ii) the probe pulse is short compared to the decay time of the AI states: À k T pr ( 1 for all jki. Here T pr is the duration of the probe pulse, and À k is the decay rate of the state jki.
Integrating over , we find
Now we can write CARS polarization Eq. (3) as
where the direct contribution of the bare continuum is
and the contribution of the AI wave packet is
Three pathways interfere in the CARS signal. The first corresponds to the direct response of the flat continuum and is described by P c ðt; Þ (the continuum-bound channel). It corresponds to the two-photon (pump-Stokes) Raman transition to the flat continuum followed by the two-photon (probe-anti-Stokes) transition back. The second and the third pathways both involve the AI state and enter via P ai ðt; Þ. The second pathway enters via a k ðtÞD ð2Þ pr-aSt;k . It describes a response of the quasibound
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component of the AI state (the bound-bound channel). The third, bound-continuum-bound channel, involves the quasibound component jki as an intermediate step but probes the amplitude that has ''leaked'' into the continuum when the probe pulse arrives. These pathways can be distinguished. Response of the flat continuum is instantaneous. As a result, no finite evolution time that would be related to electron wavepacket dynamics appears in P c ðt; Þ. Instead, this term follows the cross correlation of the Raman pump pair and the probe pulse; see Eq. (7). For pump and probe pulses much shorter than the AI lifetime, this cross correlation is followed by a much longer response associated with the AI wave packet, Eq. (8). The two components of this response are shifted in phase by =2. We shall see that this phase shift can be used to identify the two pathways.
Equations (7) and (8) show that, for short pump and probe pulses (À k T pr;pu ( 1), the CARS signal directly traces dynamics of the AI wave packet. Indeed, at ) T pu the pure continuum response P c ðt; Þ is gone, and the CARS signal is dominated by P ai ðt; Þ. With À k T pr ( 1, a k ðtÞ in Eq. (8) can be replaced with a k ðÞ. The integrated CARS signal is then given by SðÞ / R dtjPðt; Þj 2 / j P k a k ðÞðq pr-aSt;k À iÞj 2 and directly traces the wavepacket dynamics expressed by the interference of amplitudes a k . The Fano parameter for the two-photon probe--anti-Stokes transition q pr-aSt;k ¼ D ð2Þ pr-aSt;k =½D ð2Þ pr-aSt;c W k controls the relative role of the two pathways in the CARS signal associated with the two components of the wave packet: the one still bound (contributing to the bound-bound pathway) and the one that has leaked into the continuum when the probe arrives (contributing to the bound-continuum-bound pathway.)
Standard perturbative calculation for a k ðtÞ yields
The first term in square brackets describes direct excitation to jki. The second describes excitation via continuum states coupled to jki by electron-electron correlationŴ. The transition amplitude is proportional to the Fourier component of the pump-Stokes two-photon envelope f 1 ðtÞf Ã 2 ðtÞ, with When several states are populated, these phase shifts appear in the total signal. Figure 1 shows attosecondresolved signals for one (dashed line) and two (solid and dotted lines) AI states. For one state (dashed line), we see a single-exponential decay. The CARS Fano parameters and the corresponding phase shift 1 have no impact on the time dependence of the CARS signal (here we selected q pr-aSt;1 ¼ q 1;pu-St ¼ 2). Things change when the second state is present, with different CARS Fano parameters and therefore different phase shift 2 . Here we set its lifetime at 2 fs and use smaller Fano parameters q pr-aSt;2 ¼ q 2;pu-St ¼ 1. Spacing between the levels is set at 3 eV, which corresponds to an overlap of the electron energy spectra resulting from the AI decay. The center of the twophoton pump-Stokes transition is set in the middle between the levels, so that jÁ 1 j ¼ jÁ 2 j.
Several features are visible in the plot. First, we see oscillations of the signal, characteristic of the wave packet. Second, oscillations decay with a time scale given by the lifetime of the shorter-lived state. Third, there is a phase shift in the oscillations as compared to the dotted line (see inset 2 in Fig. 1) , where both states have equal Fano parameters q 1 ¼ q 2 ¼ 2 and hence equal k . The phase shift between the two states 12 ¼ 1 À 2 is mapped (see inset 2 in Fig. 1 ) onto the initial phase of the oscillating component of the CARS signal 2j 1 jj 2 j expðÀÀ 1 t À À 2 tÞ cos½ðE 1 À E 2 Þt À 12 .
The phase shift between AI wave packets can be retrieved through heterodyne CARS detection [18] , which yields a signal S het ðÞ / Im½ R 1 À1 dtE Ã lo ðt; Þ Á Pðt; Þ with a local-oscillator field at the anti-Stokes frequency   FIG. 2 (color online) . The solid line shows the reconstruction of AI states from an attosecond-resolved heterodyne CARS signal for the parameters corresponding to the solid line in Fig. 1 : 
, where E lo , e lo , f lo ðt À Þ, and ' lo are the amplitude, polarization vector, temporal envelope, and adjustable phase shift, respectively, of the local-oscillator field. Setting ' lo equal to À=2 and 0, one can directly access the real and imaginary parts of the AI-related time-integrated nonlinear polarization QðÞ ¼ R 1 À1 dtP ai ðt; Þ. In Fig. 2 , we plot the modulus squared and the phase for the frequency-domain counterpart of QðÞ, Qð!Þ ¼ R 1 À1 dtP ai ðt; !Þ, determined by taking the Fourier transform of the heterodyne CARS signal for AI states with different Fano parameters. This procedure, as can be seen from Fig. 2 , correctly reconstructs the energies E k , the lifetimes 1=ð2À k Þ, and the phase shifts k of AI states, resolving the spectra and the phases of individual AI states (shown by dashed lines in Fig. 2 ) in the measured CARS signal.
We now examine an application of the proposed CARS scheme to the 3s 1 P o and 4s 1 P o AI states in Ne. The relevant energies, lifetimes, and Fano parameters for these states are found from photoionization spectroscopy measurements [19] , yielding E 1 % 34:3 eV, E 2 % 39:6 eV, ð2À 1 Þ À1 % 8:2 fs, ð2À 2 Þ À1 % 20 fs, q 1;pu-St % 40, and q 2;pu-St % 45. To probe these states using CARS, we apply linearly polarized Gaussian pump, Stokes, and probe pulses with @! 1 ¼ 38:5 eV, @! 2 ¼ 1:5 eV, @! 3 ¼ 10 eV, T pu ¼ 0:4 fs, T pr ¼ 1 fs, and T St ¼ 5 fs, so that À 1;2 T pu;pr ( 1. The pump pulse is chosen short enough to provide efficient Raman excitation of AI states (the cross section of this process would be about 90 times lower with a 1-fs pump). The time-resolved CARS signal generated through the ! 4 ¼ ! 1 À ! 2 þ ! 3 wave mixing process displays oscillations (inset 3 in Fig. 1) , originating from the interference of transitions involving the 3s 1 P o and 4s 1 P o AI states of Ne, with an oscillation period of 770 as. From the reference data [20] , we estimate the absorption length for the anti-Stokes signal in neon at a pressure p ¼ 100 mbar as 1 mm. The coherence (phasemismatch) length at p ¼ 100 mbar is l c ¼ ð2jk pu À k St þ k pr À k as jÞ À1 % 2 mm, where k pu , k St , k pr , and k aSt are the wave vectors of the pump, Stokes, probe, and anti-Stokes fields, respectively. In the regime of incoherent pump-probe spectroscopy of AI states, where the information about coherences is usually lost from the detected signal, phase matching is not required, and the parameter space for the experimental work is generally broader, but the spatial mode density of photons is lower.
In principle, the proposed spectroscopic technique can be implemented in an all-xuv format, i.e., without using the laser pulse. This can be done, e.g., through a ! 4 ¼ ! 1 þ ! 2 þ ! 3 sum-frequency generation scheme, with all of the frequencies ! 1 , ! 2 , and ! 3 lying in the xuv range and corresponding to attosecond pulses. However, the role of a laser pulse becomes significant when a fine frequency tunability is needed for spectroscopy measurements, e.g., for the retrieval of the phase shifts of rapidly decaying eigenstates of a quantum system, such as AI states considered in this work. In the above discussion, we focused on a CARS process involving an AI state that can be coupled to the initial bound state by a two-photon-allowed Ramantype transition. Because of the odd parity of photons, onephoton transitions between these states are suppressed by parity conservation. Even when such one-photon transitions are allowed, CARS with an independent variable delay time introduced between the Stokes and pump pulses in addition to the delay time between the probe and Stokes pulses still offers an advantageous method for the analysis of ultrafast autoionization dynamics. Such a double-delaytime CARS, also referred to as two-dimensional CARS in molecular spectroscopy [21] , can coherently project the interfering bound and continuum components of AI states excited by the pump photon to a bound-state wave packet, allowing a coherent control of population transfer via an AI state and helping to resolve dynamics related to the interfering quantum channels.
